Human uterine leiomyomata are the most common tumors in women of reproductive age. The pathogenesis of leiomyomata remains unknown. An animal model of Eker rats with deleted tuberous sclerosis complex gene 2 (tuberin) shows increased incidence of leiomyomata. The role of tuberin in human leiomyomata is unknown. In this study, we designed a tissue microarray with tissue cores of leiomyomata and the matched myometrium from 60 hysterectomy specimens. We examined the expression of tuberin and tuberous sclerosis complex gene 1 product hamartin, proteins of the insulin-signaling pathway, steroid receptors and some of their cofactors, and human mobility group gene A2 by immunohistochemistry. We found that nearly half of the cases displayed either reduction or loss of tuberin in leiomyomata compared with matched normal myometrium. No change of hamartin was noted. Furthermore, a significant reduction of glucocorticoid receptor was found in leiomyomata with reduced tuberin. The proteins insulin like growth factor 1, insulin-like growth factor receptor b, AKT kinase, and phosphatidylinositol 3-kinase were upregulated. Nearly half of leiomyomata show upregulation of human mobility group gene A2, along with the steroid receptor cofactors. Our findings suggest that there are two broad groups of uterine leiomyomata. One group is associated with an alteration of tuberin and glucocorticoid receptor. The other group is associated with upregulation of human mobility group gene A2 and steroid receptor cofactors.
The pathogenesis of leiomyomata has been pursued in many studies. The factors related to tumorigenesis of leiomyomata can be categorized as risk factors, initiators, promoters, and effectors. 1 The causes of leiomyomata (initiators) remain unknown. Most identified leiomyomata-associated factors, such as local growth factors, ER, PR and nonrandom chromosomal alterations were considered to be promoters or effectors.
1 Some growth factors have been shown to be overexpressed in leiomyomata, and are hormonally regulated both in vivo and in vitro. These factors are either autocrine or paracrine, which promote mitogenic and fibrogenic action in these tissues. 2 Nonrandom chromosomal abnormalities are found in up to 40% of leiomyomata. 3, 4 The high-mobility group protein genes are considered candidate genes for leiomyomata as these were identified from breakpoints of chromosomal translocation in leiomyomata. 3, 5 Although an upregulation of high-mobility group protein gene A2 has been found in some leiomyomata, 5, 6 the fusion highmobility group protein gene A2 by truncated transcripts at translocation breakpoints is not a common molecular event. 7 Gene chip studies have provided a means of identifying differentially expressed genes in leiomyomata. [8] [9] [10] A group of genes have been found either up-or downregulated in leiomyomata. None of them has been linked to the pathogenesis of the leiomyomata.
A mutation of fumarate hydratase has been identified in the rare entity of the familial cutaneous and uterine leiomyomas. 11 Mutations of fumarate hydratase in the common type of human leiomyomata have been found occasionally. An animal model of leiomyomata has been developed in Eker rats, in which, a germline mutation of tuberous sclerosis gene 2 was introduced. 12, 13 The Eker rats develop spontaneous leiomyomata at a high frequency (65%) and the tumors are histologically identical to typical human leiomyomata. Hunter et al 14 reported loss or reduction of tuberous sclerosis gene-2 product tuberin in Eker rat leiomyomata. This is the first report showing a loss of the tumor suppressor tuberin in leiomyomas.
The genes of tuberous sclerosis complex encode the tumor suppressor proteins hamartin (tuberous sclerosis gene 1) and tuberin (tuberous sclerosis gene 2) that are broadly expressed in many organs and tissues including myometrium and most smooth muscle tissues. 15 They normally inhibit cell proliferation by a negative regulation of the cell cycle and in part through the insulin receptor signal pathway. 16, 17 Inactivation of either tuberous sclerosis gene 2 or tuberous sclerosis gene 1 genes leads to the formation of mostly benign neoplasms in patients with tuberous sclerosis complex. [18] [19] [20] The association between alteration of tuberous sclerosis complex genes and incidence of human uterine leiomyomas is unknown. This may be partly due to a high incidence of the tumor in both the general population and tuberous sclerosis complex patients. In this study, we designed a tissue microarray for immunohistochemistry to examine the expression of tuberous sclerosis complex gene products in human leiomyomata. Other selected proteins of potential significance in the pathogenesis of leiomyomata were also investigated.
Materials and methods

Specimen Collection
Archival formalin-fixed, paraffin-embedded specimens with uterine leiomyomata were collected from 60 patients who underwent hysterectomy at the New York University Hospitals Center during 2001 and 2002. A pathological diagnosis of uterine leiomyomata was made on each case. Unusual subtypes of leiomyomata were not included in this study. Cases with a history of malignancy of the reproductive system were excluded. Patient ages ranged from 37 to 82 years with the mean age of 49.2 years. Tumor sizes spanned from 1.5 to 19 cm with an average of 5.77 cm. Sections from myometrium and myomas were reviewed and those with viable tumors were selected for the study.
Tissue Array
From each specimen, four 0.6-mm. diameter tissue cores were collected, two from normal myometrium and two from leiomyoma of each specimen. A total of 240 tissue cores were arrayed into two blocks. Tissues from normal fetal adrenal, endometrium and breast carcinoma were selected as immunohistochemical controls.
Antibody Panels
Antibody panels were designed to demonstrate the following proteins: (1) tuberous sclerosis complex gene products: hamartin and tuberin; (2) insulinsignaling pathway: insulin-like growth factor 1, insulin-like growth factor receptor b, epidermal growth factor receptor, phosphatidylinositol 3-kinase, and AKT kinase; (3) steroid hormone receptors: estrogen receptor, progesterone receptor, glucocorticoid receptor and their coactivators: steroid receptor cofactor 1, amplified in breast cancer 1 and glucocorticoid receptor interacting protein 1; (4) cell proliferation and other control markers: c-Kit, cyclin D1, CD24, Her2/neu, high mobility group protein gene A2, Ki-67, P27 and smooth muscle actin (Table 1) .
Hamartin and tuberin
Antibodies to hamartin were raised by immunizing rabbits against two peptides synthesized according to the sequence deduced from human tuberous sclerosis gene 1 cDNA. The first peptide consisted of hamartin amino-acid residues 231-245 plus the carboxy-terminal cysteine (peptide Hamartin-N: PELVTGSKDHELDPRC). The second peptide was composed of residues 1150-1164 plus the aminoterminal cysteine (peptide Hamartin-C: CQLHIMDY-NETHHEHS). Antibody to tuberin was raised in rabbits against a peptide synthesized according to the sequence deduced from human tuberous sclerosis gene 2 cDNA. This consisted of amino-acid residues 1770-1784 plus the amino-terminal cysteine (peptide Tuberin: CRKRLISSVEDFTEFV), corresponding to the carboxy terminal of tuberin. Peptide synthesis, immunization, collection, and absorption of the antisera were performed as previously described. [21] [22] [23] Antibody specificity was determined by Western blot and negative control experiments with preabsorbed antisera.
Other antibodies
All other antibodies were obtained from commercial sources. The manufacturers and working dilutions for each antibody are summarized in Table 1 .
Immunohistochemistry
Both paraffin-embedded tissue array blocks were sectioned at 4 mm. Sections were collected from each block and placed onto the same slide, heated for 30 min in a convection oven and then, deparaffinized in xylene, dehydrated in graded alcohol and rinsed in distilled water. Antigen retrieval was performed by either heat-induced epitope retrieval (0.01 M citric acid buffer (pH 6.0) in a 1200 W microwave oven) or by proteolytic enzyme digestion. All immunohistochemical staining was performed on a Ventana Nexus automated system (Tucson, AZ, USA). In brief, following antigen retrieval, endogenous peroxidase activity was blocked with 3% hydrogen peroxide. Primary antibodies were detected using standard biotinylated anti-mouse or anti-rabbit secondary antibodies. This was followed by application of streptavidin-horseradish-peroxidase conjugate. The complex was visualized by the enzymatic oxidation of DAB (3,3 0 diamanobenzidine tetrahydrochloride) substrate and enhanced with copper sulfate.
Data Analysis and Scoring for Immunodensity
The following steps were taken to minimize histological and immunohistochemical technique bias in preparation for semiquantitative analysis of the immunomarkers: (1) Paired tissue cores from the normal myometrium and leiomyomas were selected and placed side by side and all 240 tissue cores from two tissue blocks were placed on single slide to minimize variation of the immunohistochemical staining. (2) The research antibodies hamartin, tuberin, insulin-like growth factor receptor, glucocorticoid receptor, AKT kinase, phosphatidylinositol 3-kinase, CD24, steroid receptor cofactor 1, glucocorticoid receptor interacting protein 1, amplified in breast cancer 1 and high-mobility group protein gene A2 were tested in multiple tissues to optimize antigen retrieval and antibody titer (Table  1) . Staining conditions for antibodies against estrogen receptor, progesterone receptor, Her2/neu, p27, smooth muscle actin, Ki-67, and Cyclin D1 followed protocols recommended by the manufactures. (3) Experiments were performed in duplicate to obtain comparable patterns for the markers. (4) Immunoreactivity was graded by two pathologists with a visual semiquantitation (optical density of the immunoreactivity) according to the following scale: 0 (negative), 0.5 (faint), 1 (weak), 2 (moderate) and 3 (strong). Quantitative H score (QH) was used for estrogen receptor, progesterone receptor and glucocorticoid receptor based on Nisolle et al. 24 QH ¼ P Pi (i is optical density 0-4, P is the percentage of positive cells in each given i). P-value was calculated by the t-test. P-values less than 0.05 were counted as significant.
Unsupervised Hierarchal Cluster Analysis
Raw tissue microarray immunohistochemical scores were processed into pre-cluster format using the tissue microarray deconvoluter (freeware available at http://genome-www.stanford.edu/TMA). 25 Data were clustered using Cluster and the output (clusters and dendrograms) visualized with Treeview (freeware available at http://rana.lbl.gov/) software originally designed for analyzing cDNA microarray data. 26 In brief, immunohistochemical raw scores were modified using the TMA deconvoluter by multiplying each score by the absolute value of itself and then converting the scores symmetrically about zero. This increases the magnitude of the large differences among scored samples while minimizing small differences that may not be significant due to the qualitative nature of immunohistochemical scoring. The deconvolved results were then prefiltered by eliminating scores in which the absolute, maximum minus minimum value was less than 0.25. Distances were calculated using an uncentered Pearson's correlation metric, and then clustered by the average linkage method. 26 Age was scored by setting the mean to zero and then scaling the data into intervals that corresponded to our original scoring system. For age data, this produces a 5-year interval (from 30 to 66 years of age) scoring scale with a high-low cutoff of greater than 66 years and less than 30 years of age. The scored, age data for all samples were then incorporated into the original data set. The combined data were then deconvolved and clustered as above. The entire data set was used for clustering unless otherwise specified.
Results
Tissue Array and Pathology Findings
A concerted effort was made to minimize variation between cases due to specimen preparation and handling. The case-matched myometrium was used as an internal control. The differential expression for each marker protein was evaluated by the semiquantitation of the immunohistochemistry between leiomyomata and normal myometrium. Both the leiomyomata and myometrium showed diffuse positive staining for smooth muscle actin in all cores, indicating preservation of tissue antigens. Leiomyomata showed higher Ki-67 expression than myometrium, as expected.
Immunohistochemical Data in the Panels
The gene products examined in our study were subdivided into four panels based on their different functions and potential role in leiomyomata. Panel A includes tuberin and hamartin, which are the gene products of tuberous sclerosis complex. Panel B includes insulin-like growth factor 1, insulin-like growth factor receptor b, epidermal growth factor receptor, phosphatidylinositol 3-kinase and AKT kinase. These proteins from insulin-signaling pathway are associated with the function of tuberin and hamartin. 16, 27 Panel C includes estrogen receptor, progesterone receptor, glucocorticoid receptor and their cofactors steroid receptor cofactor 1, amplified in breast cancer 1 and glucocorticoid receptor interacting protein 1. Panel D includes markers for cell proliferation (Ki-67, p27, cyclin D1), tumorigenesis (high-mobility group protein gene A2, c-kit, Her2/neu, CD24) and control (smooth muscle actin).
Immunostains were counted only in those cases with well-sectioned tissue cores for both control and tumor. The average scores for each of the antibodies in the leiomyomata and their differences from the normal myometrium are summarized in Table 2 and shown in Figures 1 and 2 .
Panel A: The normal myometrium showed weak to moderate immunoreactivity for tuberin ( þ to þ þ intensity) with a diffuse cytoplasmic distribution. Differential expression of tuberin, between myometrium and leiomyomata was identified in 29 out of 54 cases (53.7%). Nine cases showed loss of immunoreactivity for tuberin in leiomyomata. The differential expression of tuberin between normal myometrium (average score of immunoreactivity ¼ 0.99) and leiomyomata (score ¼ 0.64) was significant (Po0.001) ( Figure 2 and Table 2 ). Immunoreactivity for hamartin was weak to moderate with a diffuse staining pattern in the cytoplasm of all myometrium and leiomyomata. Variation in the immunoreactivity for hamartin between cases was small. No significant increase of immunoreactivity for hamartin was noted in leiomyomata. A comparison of the aminoterminal and carboxy-terminal hamartin-specific antibodies showed similar results.
Panel B: Insulin-signaling pathway involves proteins that control cell proliferation and differentiation. Recent studies provide increasing evidence of a Among total 60 cases, those cases with well-preserved cores for both myometrium and leiomyomata cores were counted.
Tuberin and some tumorigenic factors in uterine leiomyoma J Wei et al Tuberin and some tumorigenic factors in uterine leiomyoma J Wei et al interactions between the insulin-signaling pathway and tuberin and hamartin. 16, 17 We tested some of the proteins in insulin-signaling pathway. The immunoreactivities for insulin-like growth factor 1 and insulin-like growth factor receptor were significantly higher in leiomyomata than in myometrium (Po0.03 and o0.001), which is consistent with the previous studies. 28, 29 It has been shown that AKT and phosphatidylinositol 3-kinase were upregulated in fibroid. 30 Our data showed a similar finding but statistically insignificant due to a large variation ( Figure 2 , Table 2 ). In general, the upregulation of these markers was presented in only a portion of leiomyomata ranging from 20 to 40% of leiomyomata (9-22 cases out of 52-55 cases). The patterns of up-or down-regulation of these proteins would result in a proliferative signal through the insulin pathway.
Panel C: Female steroid hormone receptors and their coactivators are expressed in different cells and in varying intensity in normal myometrium, depending on age and menstrual cycle stages. 31 Therefore, a case controlled comparison was crucial. Overall, immunoreactivity for estrogen receptor and progesterone receptor decrease slightly in leiomyomata with range from 1.0 to 1.4 when compared with a range of 1.2-1.6 in the myometrium (Po0.03). Glucocorticoid receptor showed a dramatic reduction of expression in most leiomyomata. The average immunoreactivity score for glucocorticoid receptor in leiomyomata was 0.36, compared to 1.08 (Po0.001) for myometrium ( Figure 2 , Table 2 ). The reduction of immunoreactivity for glucocorticoid receptor in leiomyomata was in both intensity and the percentage of positive cells. In contrast, the coactivators for the steroid receptors steroid receptor cofactor 1, glucocorticoid receptor interacting protein 1 and amplified in breast cancer 1 were moderately upregulated in about half of leiomyomata (Po0.01). Steroid receptor cofactor 1, glucocorticoid receptor interacting protein 1 and amplified in breast cancer 1, all showed nuclear staining. In addition, cytoplasmic staining was seen for glucocorticoid receptor interacting protein 1 and amplified in breast cancer 1.
Panel D: High-mobility group protein gene A2 had been reported to be upregulated in some uterine leiomyomas. 5, 6 In our study, we examined highmobility group protein gene A2 in terms of its association with other proteins. Differential expression of high-mobility group protein gene A2 was noted in 26 out of 56 cases (46.4%). Immunoreactivity for high-mobility group protein gene A2 is increased with a score of 0.79 in leiomyomata vs 0.21 in myometrium (Po0.01). CD24 is upregulated in more than half of the cases. The finding is consistent with the gene chip data from us (unpublished) and the other group. 9 Smooth muscle actin was diffusely immunopositive in both myometrium and myomas. Immunoreactivity for epidermal growth factor receptor was slightly reduced in some leiomyomata, but the difference was not statistically significant. c-kit, cyclin D1 and Her2/neu are negative in most leiomyomata. p27 was immunopositive in some leiomyomata and myometrium and no difference is noted.
Cluster Analysis
The difference between myometrium and leiomyomata obtained by calculating the mean value was useful. It provided overall trends of either up-or downregulation of the individual gene products in leiomyomata. Considering the fact that the leiomyomata might not be homogeneous in its pathogenetic process, as well as the variations in tissue preparation, examination of individual tumor for the interested gene products could provide a way of separating them apart. To reach this object, we first calculated the net gain or loss of immunoscore for a specific immunomarker from each individual leiomyomata in comparison with matched myometrium (net value ¼ tumor immunoscoreÀmyometrial immunoscore). Each net value gave positive or negative scores. The tissue microarray immunohistochemical scores were processed into precluster format using the TMA deconvoluter (for detail see Materials and methods). 25, 26 In an unsupervised cluster analysis, 15 immunomarkers presented two broad groups of up-or downregulation in 60 leiomyomata, centered on CD24 (upregulation) and glucocorticoid receptor (downregulation) ( Figure  4a ). An upregulation of the proteins from insulinsignaling pathway, sex steroid hormone cofactors, CD24 and HMGI appears to be confined to a group of about 40% patients (Figure 3a) . In this group, downregulation of glucocorticoid receptor and tuberin is minimal. In contrast, above 50% leiomyomata showed a downregulation of glucocorticoid receptor and tuberin (Figure 3a) . When we took into account the age as a factor of sex steroid hormone status, we found that the leiomyomata with the markers of an upregulation are mainly present in the age group of 40-50 years old and much less in that of the younger age and in postmenopausal women (Figure 3b) . The distribution of downregulation of glucocorticoid receptor and tuberin appears to be less affected by age.
Discussion
Uterine leiomyomata are benign neoplasms composed of smooth muscle cells. Many efforts have been made to investigate their tumorigenesis. Data from recent studies indicate that leiomyomata are heterogeneous. Genetic defects from both human (rare familial aggregate) 11 and animal model (Eker rats) 14 have been found to be linked with specific but different genes. Alteration of human mobility group protein genes caused by the gene translocation (chromosomal reciprocal translocations) are also considered candidate genes for leiomyomata. 3, 5 In this study, we evaluated the role of tuberin, insulin-signaling, steroid receptor cofactors as well as high-mobility group protein gene A2 in the leiomyomata. Based on the information obtained from animal model Eker rat (Tsc2 Ek/ þ ), which carries one wild-type allele of the tuberous sclerosis gene 2 and one allele containing an inactivating viral insertion in intron 30, loss of tuberous sclerosis gene 2 is closely associated with the development of leiomyomata. In Eker rats, 50% of leiomyomata were found to have loss of the wild-type allele. Western analysis indicated that tuberin was highly expressed in the myometrium of normal Eker (Tsc2 Ek/ þ ) and wild-type (Tsc2 þ / þ ) rats. 14 Expression was observed in myometrium from both young animals throughout the estrus cycle from animals in reproductive senescence (16 months old), suggesting that ovarian hormone levels do not regulate expression.
14 In contrast to aged-matched (16-month) normal myometrium, virtually all 12 of the leiomyomata samples demonstrated absent or greatly diminished tuberin expression.
In our study, 53% of leiomyomata showed either absent (9/54) or reduced (19/54) immunoreactivity for tuberin compared with the normal myometrium (Po0.001). In contrast, there was no change of hamartin between myometrium and leiomyomata. These findings are compatible with the animal study, in which, only loss of tuberin is associated with leiomyomata. What causes an absent or diminished expression of tuberin in human leiomyomata is not known. It would be useful to look for a molecular alteration of tuberin by testing a loss of heterozygosity or molecular identification of messenger RNA (mRNA) levels of tuberin in leiomyomata. Considering only half of cases showed the changes of tuberin in leiomyomata, an epigenetic modification of tuberin might exist. A strong correlation of tuberin with glucocorticoid receptor was noted (Figures 3b and 4a, b) . Tuberin contains a domain that interacts with steroid receptor families, especially with glucocorticoid receptor, to form a complex. 32 This complex is a negative regulator of the transcriptional activity of glucocorticoid receptor. Expression of glucocorticoid receptor in uterus is basically unknown until a recent study from rat uterus showed moderate expression of glucocorticoid receptor in normal endometrium and smooth muscle of the myometrium. 33 In our previous study, we had found a parallel reduction of glucocorticoid receptor and tuberin in human fundic gastric polyps (FGPs). 34 A gene chip study also showed dramatically reduced glucocorticoid receptor mRNA in leiomyomata compared with normal myometrium. 10 Glucocorticoid receptor is known to be a general response to stress and inflammation. Particularly, it suppresses expression of fibronectin and laminin in uterus. 35 As glucocorticoid receptor is complementary to estrogen receptor and progesterone receptor in endometrium, 33 and loss of glucocorticoid receptor in leiomyomata may be a fundamental factor for the loss of negative regulation of the cell proliferation and for promoting the fibrotic background in leiomyomata. Insulin-signaling pathway is one of major routes in regulating the functional status of tuberin through an activated AKT kinase. 27, 36 The latter can inactivate tuberin by phosphorylation of tuberin. To that end, we examined some key proteins in the insulin-signaling pathway. We found an upregulation of insulin-like growth factor 1, insulin-like growth factor receptor, AKT kinase and phosphatidylinositol 3-kinase in 20-40% of cases leiomyomata (Figure 3) . Our results as well as published data 29, 30, 37 provide an evidence of increased activity of the insulin pathway in leiomyomata. However, there is a weak association between alteration of tuberin and the activity of the insulin-signaling pathway (Figures 3a and 4a ).
To our knowledge, expression of the steroid hormone receptor cofactors in normal leiomyomata has not been reported. These cofactors were found to be expressed at high levels in normal myometrium. In our study, we found a moderate upregulation of these cofactors in leiomyomata. The increased level of expression of the cofactors appears to be not associated with increased level of estrogen receptor and progesterone receptor (Figures 3 and 4d) . Interestingly, we have found a linkage of upregulation of three steroid receptor cofactor with an upregulation of high-mobility group protein gene A2 (Figures 3 and 4c) . Out of 56 leiomyomata, 26 (46.4%) show increased immunoreactivity for highmobility group protein gene A2. High mobility group proteins are abundant, heterogeneous, nonhistone components of chromatin. They bind in the minor groove of DNA and it has been suggested to be a transcription factor. 6, 38, 39 The causal relation between changes in these high mobility group protein genes and aberrant growth control in benign tumors remains to be established. 3 Tallini et al 5 found that about 36% (9/25) of leiomyomata presented chromosomal alteration involving chromosome 12, near high-mobility group protein gene A2 locus. Those cases with altered chromosome 12 showed an upregulation of high-mobility group protein gene A2 in 50% of cases. The finding was also supported from another study. 6 Our data of expression of high mobility group protein A2 in a relative large sampling (60 cases) are compatible with results mentioned above.
With the aid of cluster analysis and Eisen's TREEVIEW software, 25, 26 the express profile of these potential tumorigenetic factors in 60 leiomyomata can be further classified into two broad groups. One presents a higher activity of insulin-signaling pathway, sex steroid receptor cofactors, CD24 and highmobility group protein gene A2. The other one is associated with downregulation of tuberin and glucocorticoid receptor (Figure 3a) . The first group is likely found in the women in middle forties (Figure 3b) . On the contrary, the alteration of glucocorticoid receptor and tuberin are distributed in all age groups.
In summary, we have examined expression of four different functional groups of genes in a moderate sample size of human leiomyomata. With the advantage of tissue microarray, internal myometrial controls and immunocontrols, we highlight the general trends of expression pattern of some potential tumorigenic factors in leiomyomata. We have shown two broad groups of leiomyomata: one group is associated with alteration of tuberin and glucocorticoid receptor, and the other one is associated with alteration of high-mobility group protein gene A2, insulin-signaling and steroid receptor cofactors.
